Abstract. A permanent cell line arising from a cerebellar medulloblastoma was established and its growth characteristics were investigated. Although the original tumor inoculum failed to take, the cultured cells were readily tumorigenic in nude mice and gave rise to rapidly growing tumors which could be easily subpassaged. The primary tumor showed evidence of both glial and neuronal differentiation, and retention of neuronal differentiation, albeit minimal, occurred in both the cultured neoplastic cells and the nude mouse tumors. Glial differentiation, on the other hand, could not be demonstrated. G-banding analysis of the chromosomes present in the cell line showed that they were exclusively human.
INTRODUCTION
A few sporadic reports of the growth of medulloblastomas in tissue culture for prolonged periods have appeared in the literature (1, 2), but there is only one previous report of a permanent cell line having been established from a human medulloblastoma (3) . That cell line (TE-671) was tumorigenic in nude mice (3) and in that form has been used as a model to test combined modality therapy with radiation, 1,3-bis(2-chloroethyl)-1-nitrosourea (BeND), procarbazine and irradiation (4) . A recent study (5) has further characterized TE-671 and presents it as the best experimental model available for the study of human medulloblastomas.
In this report we describe the establishment of another medulloblastoma cell line (Daoy) as well as its growth in nude mice. We suggest that this second medulloblastoma cell line may be useful for the comparison with experimental data obtained using TE-67 1.
MATERIALS AND METHODS
Daoy was established from a biopsy of a solid mass of tumor removed from the posterior fossa of a four-year-old male. A diagnosis of desmoplastic cerebellar medulloblastoma was made after light and electron microscopic examination.
Tissue Culture Techniques
The tumor tissue was transported to the laboratory in Eagle's minimum essential medium (Auto-Pow Flow Laboratories) supplemented with 10% fetal calf serum (Flow Laboratories), 584 mg/liter of t-glutamine and penicillin (1,000 units/ml) and streptomycin (100 mg/ml), Cubes oftumor tissue less than 0.5 mm in length were minced from the specimen using two scalpels opposed in a scissors motion. The cubes were pipetted onto the base of25 em-Corning tissue culture flasks with the minimum ofculture medium and left undisturbed for 30 minutes at 37°C to ensure adhesion. Five ml of culture medium were added and the flasks incubated at 37°Cin a humid 5% CO 2-in-air atmosphere. Medium changes were carried out twice weekly and subpassage was usually carried out at 90% confluence. A mixture of 0.19% trypsin and 0.02% EDTA in a calcium, magnesium-free buffer was used to form a cell suspension for counting and subpassage. Material for inoculation into nude mice and samples for electron microscopic examination were taken from flasks which were not trypsin ized for several weeks resulting in cultures many cell layers thick. For light microscopic studies, cells were grown on 22 mm -coverslips in 50 mm diameter petri dishes to enable easy handling and fixation.
Mycoplasma Detection
The cell line was tested for mycoplasma and found to be free of contamination by growth for 14 days both aerobically and anaerobically in the following agar-thallium acetate medium. 
Cytogenetic Methods
Chromosome processing was carried out on coverslips, the cells being subjected to Colcemid (GIBCO Diagnostics, Grand Island, NY) treatment for the last four hours of culture. The hypotonic solution used was 0.075 M KCI followed by fixation with a 3:1 mixture of methanol and glacial acetic acid. Chromosome counts were done on unbanded and G-banded metaphases. The G-banding technique used was a modification of Seabright's (6) method.
Cell Counts and Growth Curve
A cell suspension was obtained froin 90% confluent cultures and counted using an improved Neubauer hemocytometer. Cells were seeded at a concentration of 1 x 10 4 cells/ern-into 50 mm diameter petri dishes. Themedium was changed every second day and each day the cells from two dishes were harvested and counted. A growth curve was plotted and the saturation density was taken as the number of cells/em-at that point on the curve which represented a true plateau. The population doubling time (PDT) was calculated from the linear growth curve.
Determination of Absolute Plating Efficiency
Cells were seeded into 60 mm diameter petri dishes with a 2 mm grid (Flow Laboratories) at a concentration of 1,000 cells per dish. Medium as specified above, but with 20% fetal calf serum was changed every three days. Cells were fixed in methanol after seven days, stained with Giemsa stain, rinsed in phosphate buffer and allowed to air dry. The number of colonies per dish was counted and the absolute plating efficiency was expressed as the number of colonies per dish divided by the cells plated per dish x 100.
Percentage Colony Formation in Soft Agar
Cells grown to 80-90% confluence were harvested, washed and adjusted to a suspension of 1 x 10 4 cells/mi. In a 42°C water bath 7 volumes of 1.4% agarose were mixed with 9 volumes of double strength medium and 4 volumes of fetal calf serum. Four ml were then pipetted into a 60 mm diameter petri dish and allowed to harden. A mixture of 3 volumes of 0.5% agarose solution mixed with 2 volumes of cell suspension and one volume of single strength medium containing 20% fetal calf serum was added on top. This gave a final concentration of 6 x 10 3 cells/plate. Plates were incubated for seven days then 2 ml of medium containing 20% fetal calfserum were added. Seven days later the number ofcolonies per dish was counted. Cells were lightly seeded onto coverslips and exposed to medium containing 3 mM dCAMP and 1 mM theophylline for 24 hours. These and duplicate cultures were fixed in either 10% neutral buffered formalin for immunohistochemical estimation ofglial fibrillary acidic protein (GFAP) and S100 protein or in 2.5% glutaraldehyde for electron microscopic study. Cultures which had been allowed to "stack" into many layers were similarly treated with dCAMP and theophylline, but were fixed and processed for ultrastructural examination only.
Ultrastructural Examination
Cultures were allowed to grow for up to four weeks without subpassage to encourage multilayering before they were washed well and gently removed from ' the culture dish with a rubber policeman. Sheets of cells were then fixed at room temperature in 2.5% glutaraldehyde in 0.2 M cacodylate buffer (pH 7.2) for two hours. Following postfixation in 2% osmium tetroxide for one hour at 4°C the cells were dehydrated and embedded in araldite, sectioned, stained in lead acetate for 10-15 minutes and examined with a Seimen's 102 electron microscope.
Nude Mouse Inoculation and Examination
Nude mice (genotype nu/nu Balb C outbred or Swiss outbred) were .inoculated subcutaneously in the left hind flank with 5 x 10 6 cells suspended in 0.3 ml of culture medium. Intracerebral inoculation into the right frontal pole was effected using a 26 gauge hypodermic needle introduced gently through the skull. Approximately 5 x 10 4 cells suspended in 0.05 ml of culture fluid was introduced into the brain parenchyma. The cells had been removed in sheets from multilayered cultures using a rubber policeman. The animals were housed in laminar flow hoods in sterile boxes and fed ad libitum with sterile water and pellets. They were examined at least weekly for tumor growth and from time to time killed to allow subpassage of the tumor and histological examination of the tumor growth. Tumor samples were fixed for light and electron microscopy and frozen in liquid nitrogen for storage. Animals which were killed or died naturally were subjected to a thorough postmortem examination and selected organs were examined microscopically.
Histological Examination
Standard methods were used to assess the histological appearance of tumor growth. Immunohistochemical techniques using the standard three-step indirect peroxidase-antiperoxidase method of Steinberger (7) were carried out on both cultured cells and sections of tumors grown in nude mice. The antibodies used were from DAKOPATTS (Denmark) except for the GFAP which was prepared by Mr. Russell Johnsen from the Department of Neuropathology, Royal Perth Hospital using principally the methods described by Dahl and Bignarni (8, 9) for the purification ofGFAP which was then inoculated intramuscularly into rabbits to produce a GFAP antiserum.
RESULTS

Histology and Ultrastructure of the Primary Tumor
The primary tumor consisted of sheets of small, uniform cells with regular darkly stained nuclei (Fig. lA) . The majority of the tumor cells were surrounded by a network of reticulin fibers (Fig. IB) . No pseudorosettes were identified. Immunohistochemical stains for GFAP and S100 protein showed scanty positive cells in isolated areas of the tumor (Fig. 1C) , but no neuron-specific enolase could be demonstrated, Silver stains for axons were negative. Electron microscopy showed that the tumor cells were small, regular and closely packed with prominent heterochromatin in their nuclei. A few intermediate filaments, but no tubules were seen in their Well-circumscribed mass infrequent, short, cytoplasmic processes. Intermediate junctions were a common finding (Fig. ID) .
Properties of the Cell Line Daoy
The properties of the cell line are summarized and compared in Table I from which it can be seen that the cells divided rapidly, reached a high saturation density, exhibited independent cell growth on solid substrate and were anchorage-independent, forming colonies in soft agar. The cell line has been subpassaged over 50 times in 30 months and can therefore be designated a permanent cell line. In early passage the cells were mainly stellate in appearance with an occasional multinucleated cell present ( Fig. 2A) , but in later passages the cells were polygonal with prominent nuclei and multiple nucleoli (Fig. 2B) . In monolayers the cells showed no tendency to form processes and readily piled up after confluence was reached. Ultrastructural examination revealed cells with irregular nuclei and prominent nucleoli. The thin rim of unbranching cytoplasm contained many small mitochondria, abundant smooth and rough endoplasmic reticulum, free ribosomes and abundant glycogen. Most cells contained 10 nm filaments scattered throughout their cytoplasm, particularly associated with desmosomes which were commonly seen (Fig. 3) . A few cells contained an occasional budding cilium (Fig. 4) . Fine filamentous extracellular material, measuring 10 nm in diameter, accumulated between cells which had become confluent (Fig. 5) . Very little fibronectin could be demonstrated immunocytochemically and no GFAP, SlOO protein or neuron-specific enolase were present in the cultured cells. Treatment with dCAMP had little effect, when compared with untreated controls, on the morphology of the cultured cells and did not encourage astrocytic or neuronal differentiation as assessed by immunocytochemistry for GFAP or S100 or the presence of increased numbers of intermediate filaments, microtubules or synaptic specialization by electron microscopy.
Cytogenetic Results
G-banding analysis of at least 20 meta phases showed all chromosomes to have patterns characteristic of human chromosomes. Chromosome counts of 50 metaphases ranged from 89 to 196. Although the chromosome numbers in 95% of the cells examined were near tetraploid (the remainder were near octoploid), analysis of 20 metaphases revealed that only some of the chromosome pairs were duplicated. There was, however, a high degree of consistency in the number of copies present of each autosome and sex chromosome. A considerable number of consistent structural chromosomal changes was present, most ofwhich could be characterized ( Table  2 ). The karyotype selected for illustration (Fig. 6A, B) was so chosen because both the normal and abnormal features present were representative of those seen in the majority of the cells analyzed. 
Tumorigenicity of Daoy in Nude Mice
Tissue from the primary tumor inoculated subcutaneously showed no sign of growth during the eight month life of the animals. Cells from early passages likewise failed to produce tumors. Inocula of cells from passage 30 produced rapidly growing tumors which could be serially cultivated in all mice tested. Tumors became palpable 14 days after inoculation and had acquired relatively large dimensions (1.5 x 0.5 x 0.5 em) after two months. Although local invasion of muscle and peritoneum was common, no metastases were detected. Intracerebral inoculation of passage 36 resulted in tumor growth in all eight animals tested. Within five weeks tumors became apparent because of an increase in the size of the skull. By the end of eight weeks all animals had been killed. On examination all animals had hydrocephalus, but no obvious tumor mass could be seen macroscopically. On microscopic examination tumor cells were found invading the brain parenchyma (Fig. 7) as well as spreading over the surface and into the ventricles.
The mouse tumors consisted of elongated cells with small hyperchromatic nuclei and scanty cytoplasm with some tendency to whorl formation. Interspersed between the whorls were islands of larger polygonal cells with poorly staining nuclei and abundant basophilic cytoplasm (Fig. 8) . Silver stains for axons and immunochemistry for GFAP and S 100 protein were negative, but an occasional cell reacted with neuronspecific enolase antisera. Abundant reticulin was present throughout the entire tumor, but to a lesser extent among the larger polygonal cells. Table 3 is a summary of staining reactions of the tumors and cultured cells.
The ultrastructural appearance of nude mouse tumors was one of primitive cells with irregular nuclei and short cytoplasmic processes. Well-formed desmosomes were again a feature together with a few cells which showed evidence of cilium formation (Fig. 9) . The cilia had a 9+0 tubular pattern in transverse sections. No microtubules, neurosecretory granules or synaptic specializations were seen. Intermediate filaments were present in small numbers in a few cells. G-banding analysis of the chromosomes present in the tumor cells showed that they were undoubtedly and exclusively human. An evolution ofchromosomal changes was well established and the original stem-line was no longer evident. As a result it was not possible to determine which one, if any, of the manifest abnormalities represented the initial chromosomal change. A high degree of consistent cytogenetic abnormalities was noted in the metaphases, but no two metaphases appeared to be alike in all respects. The abnormal features included deletions, duplications, inversions, translocations, and duplication and loss of complete chromosomes. Some of the abnormalities seen resembled those that have been reported specifically in other human cancers, including brain tumors (23) .
Near tetraploidy was a feature ofDaoy as was found in TE-671. Other aberrations shared were lq-and pq+ markers (3, 5) . It was not possible to determine whether these markers were identical in their respective make-up.
The original medulloblastoma used in this study showed evidence of both glial and neuronal differentiation. The glial differentiation, represented by scattered GFAPand S100 protein-positive cells in the original biopsy, was not maintained in the cultured cells. This suggests that these more differentiated cells were not capable of division or that they were present in such small numbers that they were overgrown and lost. It is not possible to choose between these hypotheses.
There is considerable debate over the histogenesis of medulloblastomas and an excellent discussion of the disputed areas has been given by Rorke (10) . Although Gullotta and Kersting (11) contend that medulloblastomas should be regarded as embryonic sarcomas, it is now generally accepted that they are of neuroectodermal origin. A recent immunocytochemical study (12) , in which antibodies against a neurofilament polypeptide and GFAP were used as markers ofdifferentiation, showed that of47 medulloblastomas, 50% showed glial differentiation, 25% showed neuronal differentiation and 13% showed both glial and neuronal differentiation. The only evidence found in cell line Daoy to support Gullotta and Kersting's (11) hypothesis . The presence of intercellular junctions in all sections of the cultured cells and in the nude mouse tumors examined was the only differentiation marker present. For the most part these junctions could best be classified as desmosomes or possibly punctum adhaerens which are very commonly found between nerve cells and their processes, between neuroglial cells, and even sometimes between neuroglial cells and neurons (15) . Interestingly, tiny symmetrical junctions of this type occur frequently between adjacent dendrites of granule cells in the cerebellar cortex (16) . As the primary tumor arose in the cerebellum, the presence of this type of intercellular junction may indicate neuronal differentiation. Markesbery et al (17) reported finding junctional complexes and dense core granular vesicles in the explants of early tissue cultures, but these were not seen in the migrating cells. Two possible conclusions may be drawn-the migrating cells are the neoplastic cells and the cells remaining in the explant are normal or the migrating cells are undifferentiated because they are involved primarily in growth and division and may not show differentiation until this phase is passed. In the present study, differentiation was encouraged by allowing cultures to become crowded ensuring maximum surface contact between cells and by treating with dCAMP. Neither manipulation resulted in measurable differentiation.
Cilia arising from neurons have been described in many different regions of the central nervous system including the fascia dentata of the hippocampus (rat) (18) , in the dorsal columns of the spinal cord (rat) (19) , in the bipolar and ganglion cell layers of the retina (pig and man) (20) , and in the lateral geniculate nucleus (rat) (21) . These normal neuronal cilia have the central pair of microtubules missing, so that the cilia are characterized by a 9+0 pattern (15) as seen in the tumors grown in mice from Daoy. The presence ofcilia in cells in the explants ofa medulloblastoma in tissue culture has been reported, but no reference was made to the microtubular structure (17) . Henderson and Papadimitriou (22) , however, report that cilia occur in many neoplasms especially carcinomas and less commonly, sarcomas and neural neoplasms, and that they usually have a 9+0 tubular pattern.
The first medulloblastoma line to be established in culture (TE-76I) was subsequently used by Slagel et al (4) to establish tumors in nude mice to study the effectiveness of radiation and chemotherapy. They were able to show a significant increase in the animals' life span using a combination of procarbazine and varying doses of irradiation. This result highlights the importance of the nude mouse xenograft in the evaluation of cooperative drug and radiation effects. Whether the results of such experiments on tumors grown from cultured cell lines have direct clinical relevance will only be discovered when extensive clinical trials have been carried out. However, the results of such experiments do at least furnish some rationale for beginning to design meaningful clinical trials. The further study ofTE-671 by Friedman et al (5) and of Daoy can only add to the usefulness of these trials.
